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SECTION I

INTRODUCTION

The Naval Air Systems Command, Department of the Navy, has established a
long range goal of providing aircraft fuel systems with as few moving parts as
possible. As a result, a Research and Development contract NOw 66-0602-c
was awarded to the Douglas Aircraft Company to develop and test an Ejector
Pump Engine Fuel Feed System to supply fuel to the engine at a rate up to

70, 000 pounds per hour, at altitudes up to 60, 000 feet and under various
gravity conditions as specified in the contract.

An ejector pump is a device by which a fluid stream may be pumped by the
action of a high velocity jet of a second fluid stream. The pumping action is

a result of a transfer of momentum from the jet fluid to the fluid being pumped.
The use of ejector pumps in the past has been limited to transfer applications
and relatively low flow rates and pressures. It is expected that the next
application of ejector pumps will be to replace the aircraft booster pump in
aircraft such as the F-4, A-5o0r the F-111. Requirements may consist of
large fuel flows, two stage fuel flow for main engine and afterburner operation
or high fuel temperatures of approximately +200°F. Sufficient research has
been done to design a system to satisfy these conditions.

Negative and zero gravity conditions require special methods for maintaining
a continuous supply of fuel at the inlet to the fuel boost pump. This program
has studied a means of introducing an artificial gravity force to maintain the
fuel at the wall of the tank for pickup to supply the pump.
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SECTION II
DESIGN REQUIREMENTS
The contract specifies that an ejector pump engine fuel feed system shall be
developed for a single tank with dual engine feed provisions.

The system shall be capable of supplying fuel to both engines under the
following conditions:

° Fuel flow rates as shown in Figure 1.
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FUEL FLOW PER ENGINE (1000 LB/HR)

N
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FIGURE 1. FUEL FLOW RATES FOR VARIOUS ALTITUDES

e Maximum allowable pressure drop through the fuel feed line as
shown in Figure 2,
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° Fuel temperatures from a maximum of +200°F down to -65°F, or to
a temperature corresponding to a fuel viscosity of 12 centistokes.

e  Fuel at the inlet of the engine driven pumps at pressures between
. 30 psi (relative to atmosphere) and 5 psi plus true vapor pressure of
the fuel and vapor-liquid ratios of not more than 0, 45.

e  All normal flight attitudes,

4y

e  Altitudes from sea level to 60, 000 feet.
e Flight operations under negative lg for 60 seconds.
e Flight operations under zero g for 30 seconds.

e A horizontal loading during catapult of 7g's minimum to 8g's
maximum. A horizontal loading during arrested landing of 4g's
minimum to 5g's maximum.,

The following ground rules were established at the beginning of the program
with regard to fuel flow and fuel temperature:

° The fuel flow as shown in Figure 1 was made up of two components,
main engine fuel flow and afterburner fuel flow. The proportional
division is shown in Figure 3.

® A single ejector pump must provide two engine fuel flow for
maximum main engine power, but need supply fuel flow for operating
with only one engine afterburner.

° The fuel temperature in the tank will be a maximum of +135°F and
heat inputs between the ejector pump and the engine inlet will raise
the fuel temperature at the engine inlet to +200°F,

e In order to meet the requirements of MIL-F-17874 for a maximum
evaporation of two percent of the fuel, the tank must be pressurized
to maintain a minimum of 5 psia.

Based on the above requirements and assumptions, the pump performance
as shown in Table I is required.
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TABLE I

EJECTOR PUMP DISCHARGE PRESSURE REQUIREMENTS (MINIMUM)

2 Engine Military Power

Sea Level - 21 psia ( 1 psig) @ 20,000 P, P, H,
37,000 feet - 21 psia (13 psig) @ 14, 000 P, P, H,

60, 000 feet - 21 psia (15 psig) @ 7,000 P. P, H.

Afterburner Power

Sea Level - 34 psia (14 psig) @ 70,000 P, P, H.
37,000 feet - 34 psia (26 psig) @ 70, 000 P. P, H.

60, C0O0 feet - 26 psia (20 psig) @ 35,000 P, P, H.




SECTION III

DESIGN APPROACH

3.1 FUEL FEED SYSTEM

To meet the design requirements, a system as shown in Figure 4, was
designed and developed to malie use of the following basic components:

° Two-stage ejector fuel pump where one stage operates for main
engine operation and an additional stage is activated when the after-
burner flow is required.

° A fluidic proportional amplifier which would sense ejector pump
discharge pressure and divert sufficient motive fluid to reduce the
ejector pump operating performance.

° A flexible fuel inlet which will stay at the bottom of the tank sump
during normal flight and move upward to the top of the sump for
negative g conditions.

° A swirl jet which will induce fluid rotation in the sump area of the
main fuel tank and, by centrifugal force, keep fuel at the wall of the
sump during zero g conditions.

3.2 EJECTOR PUMP

The ejector pump is powered by motive fuel which is bled from the discharge
of the high pressure stage of the engine fuel pump. The primary stage nozzle
will take fuel from the main engine fuel pump at all times. The secondary
stage nozzle will take fuel from the afterburner fuel pump only when the
afterburner system is actuated. This will provide a pump which will not
continuously bleed a large volume of motive fuel when not in the afterburner.
The primary stage delivers a sufficient ainount of fuel, at the required
pressure, to supply two engine flow requirements. See Section IV for analysis
and development testing.

3.3 FUEL TANK SUMP

3.3.1 Flexible Pickup

The flexible pickup consists of a flexible hose mounted approximately mid-
height in the sump so that the loose end can move up or down. On the end of
the hose, there is a pickup which is heavy enough to keep the hose deflected
down and shaped to allow the swirling fuel to produce a slight side force to
keep the pickup against the tank wall. As the airplane enters a negative g
condition, the weighted pickup will move to the top of the sump and continue
to pick up the fuel. See Section V for details on design and testing of the
flexible pickup.
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3.3.2 Swirl Jet

For zero g flight condition the fuel could be located anywhere in the sump and
may not be replaced from the main portion of the tank as fuel is removed for
engine consumption. The design concept used was to purposely place the fuel
at the tank wall where it could be picked up. This is done by introducing a
jet of fuel along the wall of the sump and creating a fuel rotation which by
centrifugal force keeps the fuel at the tank wall where the fuel pickup is
located. The intertank transfer fuel could be supplied to the main tank in a
manner to provide the fuel for the swirl jet. If under zero g conditions the
intertank transfer stops, then there must be an additional means of providing
a sustaining swirl jet. The sustaining jet need not be as large as the jet
required to start the swirl. See Section V for details on swirl analysis and
testing,

3.4 FLUIDIC AMPLIFIER

The fluidic proportional amplifier is a momentum exchange device located in
the primary stage motive fluid line. The main flow enters the amplifier,
exits through a nozzle, traverses a gap, and is caught by a receiver tube
where the flow then continues on to the ejector pump. As the discharge
pressure of the ejector pump increases, a control flow will be fed back tn the
amplifier. This control flow is introduced normal to the main flow. The
higher the ejector pressure the more the flow in the amplifier is deflected,
thus tending to reduce the flow available for the nozzle usage in the ejector
pump. The flow which is diverted will be returned to the aircraft fuel tank.
See Section VI for analysis and testing of the fluid amplifier.
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SECTION IV

EJECTOR PUMP

4.1 DESIGN OBJECTIVES

The objectives of this investigation were; (a) to determine those parameters
which best describe the operation of the ejector type pumps, (b) to examine
and test various ejector configurations and their adaptation to fuel feed sys-
tems, and (c) to derive methods for rapid solution of ejector fuel feed system
sizing problems.

4.2 THE SIMPLE EJECTOR

4.2.1 General Description

An ejector, also called jet pump, eductor, or injector, is a device which uses
the energy of one fluid stream to pump or entrain another fluid stream. The
two streams may be of the same type of fluid, as in the water-well jet pump,
or different fluids as in steam ejectors used to pump air,

Ejectors are of interest in pump engineering primarily because of their mechan-
ical simplicity. Having no moving parts other than the two fluid streams them -
selves, wear, vibration and other mechanisms of mechanical failure are reduced
to a minimum. This enhancement of reliability has led to much interest in the
use of ejectors for aircraft systems.

Figure 5 shows schematically the arrangement of the simple ejector. A nozzle
directs the motive fluid stream into the area occupied by the pumped or sec-
ondary fluid. The secondary fluid is entrained within the region between the
motive nozzle exit and the end of the mixing tube. The mixed fluids are then
discharged, usually through a diffuser, into a receiver tank or feed line.

The following discussion will be limited to the case of pumping where both
motive and secondary fluids have the same physical properties are the same
temperature and are incompressible. The nomenclature used is as follows
and is taken mainly from Reference 1, as are most of the equations used.

Symbols
A cross sectional area - in.
d diameter - inches
g gravitational constant - 32,2 ft/sec2
L mixing tube length - inches
P static pressure - Lb/in, 2
P total pressure - Lb/in. 2
S nozzle to throat spacing - inches
S length of high velocity core - inches
T temperature
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Szm bols (Continued)

A velocity - Ft/sec
w weight flow rate - Lb/hr
’ e cavitation function - Lb/in. ¢
H fluid viscosity - Lb/ft-hr
> 5 fluid density - Lb/ft3
Subscripts
1 Stage 1
2 Stage 2
a throat entry
d discharge, diffuser exit
i nozzle entry
L limiting
m throat section
mep maximum efficiency point
n nozzle or motive fluid
2 o inlet entry, secondary fluid
s secondary fluid
' Dimensionless
Ratios
A
b nozzle to throat area ratio = _____An
m
f friction factor = Kd/L
P, - P
. _ °d 0
N pressure ratio = ————
P, - P
i d
R Reynolds number = l;f‘—
n efficiency = ¢N
\'
A velocity ratio = '\7‘$—
n
Ws
¢ flow ratio = W
n
15




Friction
Loss Coefficients

Ke expansion loss

K1 nozzle

K2 throat - entry

K3 mixing tube wall friction

K4 diffuser

K34 mixing tube - diffuser, K3 + K4

The motive nozzle pressure drop is

1.11 x 107°w %

P.-P = D} +K,) (1)
i o) ZgéAnZ 1

where

1.11 x 10'5

is a conversion factor permitting calculation using dimensional units as

described in the nomenclature, (144 in, 2/ft2 = 36002 secz/hrz)

The output pressure rise of the ejector is,

e _ 1.11xlo'5w2 262 b2
D YCRE N= > 2b + -
© 2g 6 A
n
2., 2
(1 +K )b2(1+¢)2-(1+K)—9—b— (2)
34 2(1-b)2
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The overall pressure drop, motive nozzle entry to ejector discharge is,

-5 . 2

1.11x 107° W 2,2

B .P. = — n S2p -2 b
P, -P, = 5 4 R = By =t

A
(1+K,) 6% (1+8)7+(1+K,) 2P (3)
(1 - D)

Ejector efficiency is defined as the ratio of energy output to energy input

W P,-P
T = . = ¢N (4)

Figure 6 shows typical ejector pump-down curves for two different nozzle
pressures. As the ejector discharge pressure is increased, as by closing a
downstream throttling valve, the quantity of induced fluid pumped decreases.
The pump-down curve for an ejector is similar to that of a centrifugal pump.
Also shown in Figure 6 is the efficiency curve of the ejector. For a given
ejector geometry there is a discrete operating point which gives best operating
efficiency. This point is usually designated as the maximum efficiency point
or mep.

In Figure 7, the pressure difference ratio versus flow ratio is plotted for
ejectors with area ratios ot 0,05, 0.10, 0.15, 0,20 and 0.30, The presenta-
tion of pressure difference ratio versus flow ratio has been used for some

time as a method for estimation of ejector performance. The semi-logrithmic
plot used in Figure 7 was selected to show more clearly the N versus ¢ relation-
ships for small values of N. The dependency of ejector flow ratio on the pres-
sure difference ratio can clearly be seen. For any given area ratio and nozzle
pressure increasing pump, discharge pressure reduces flow ratio. Flow ratio

is at a maximum where Pd = 0. Conversely, for each ejector size (area ratio)

there is a maximum pressure difference ratio available which is indicated at
the ¢ = O(Ws = 0) point. Throttling the flow beyond this point results in expel-

ling motive fluid from the inlet port of the ejector. Ejectors with high area
ratios have a greater potential discharge pressure than those with low area
ratios. However, low area ratio ejectors have a greater flow ratio potential
i than high area ratio ejectors.

4.2.2 The Flow Losses in the Ejector

The prediction of the flow loss coefficients is of importance to the estimation
of ejector performance. These losses are dependent upon the shape of the
ejector passages, i.e., contour of motive nozzle inlet, contour of throat entry
and discharge diffuser, length of mixing tube, and nozzle to throat spacing.

17
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4.2.2.1 The Motive Nozzle Loss Coefficient

K,, the motive nozzle loss coefficient can be derived by tests of the contem-
plated nozzle configuration or can be estimated by reference to literature.
Cunningham (Reference 1) suggests a value of Kl = 0. 10 for Reynolds numbers

of about 20,000 and greater. This value appears to be reasonable as compared
with testing accomplished under this contract, although somewhat conservative
at high Reynolds numbers (100,000 and above). Accurate determination of the
loss coefficient can be obtained by testing the contemplated nozzle design, at
various flow rates and nozzle pressures, and calculating the nozzle discharge
coefficient, The loss coefficient can then be determined by the equation,

K. = 1 =0 (5)

1 (Discharge Coefficient)2

or the loss coefficient may be calculated directly by use of equation (1). The
relationship of discharge coefficient, sometimes denoted as CD’ to K1 is given

here because it is sometimes of interest to compare CD with values obtained
from other literature sources.

Figure 8 shows the flow versus nozzle pressure drop for the initial test ejector
nozzles used in this study. A comparison curve for an equivalent nozzle having
a loss coefficient of K1 = 0 is also shown with each nozzle test curve. The

annular nozzle performance is comparable to that of a simple nozzle. More
discussion of nozzle geometry and performance will be presented in the section
on ejector geometry.

4,2.2.2 The Throat Entry Loss Coefficient

KZ’ the throat entry loss coefficient, is usually small, especially for the case
where the motive nozzle exit is withdrawn some distance from the throat entry
itself. The curves shown in Figure 9 give good values for entry loss, using
radius type entries., Due to manufacturing complexity, it is probably more
desirable to use a conical entry. Cunningham (Reference 1) recommends use
of a 1200 angle conical entry with slightly rounded throat entry. Hansen,
(Reference 2) in his work, used 26-55 degree conical entries. Hansenachieved
a very high ejector efficiency, 42 percent maximum, with an ejector having

an area ratio of 0.295 using a 40° conical throat entry. Cunningham was
never able to directly measure K, and therefore assumed that KZ = 0, in his
theoretical performance calculations.

It appears that for ejector configurations using a very small s spacing, in
some cases s = 0, that throat entry configuration and external motive nozzle
shape play an important role in ejector performance. Flugel (Reference 3)
evaluated different throat entry shapes with small s spacing as did Keenan,
Neumann, and Lustwerk (Reference 4), Both studies show the importance of
throat shaping on ejector performance using small s spacing. Throat entry
geometry will be discussed further in the section on cavitation characteristics
of ejectors,
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4.2.2.3 The Mixing Tube Loss Coefficient

K3, the mixing tube loss coefficient, can be estimated by the equation:

.
K, = {3 (6)

Where f is the friction factor, L is the constant section mixing tube length and
d is the throat diameter. For convience of the reader in determining K3,

Figure 10 gives the relationship of friction factor and Reynolds number for
flow in smooth tubing. Reynolds number may be calculated from,

48 (W_+ W _) 48 W (1 +9)

R = = (7)
md B md_ K

A curve of viscosity versus temperature for JP-3, JP-4, and JP-5 fuels is
presented in Figure 11,

4,2.2.4 The Diffuser Lioss Coefficient

Ky the diffuser loss coefficient may be determined from Figure 12 knowing
the diffuser half angle and area ratio. From this figure note that diffuser loss
is at a minimum for a diffuser cone half angle of 3°,

K3 and K4 are combined in equations (2) and (3). The resultant K34 = K3 + K4

represents the combined mixing tube and diffuser losses encountered in the
ejector, Good design makes it imperative to reduce K34 as much as possible
to obtain high ejector efficiency.

4,2.3 The Mechanism of Pumping

An interesting photograph is presented by Flugel (Reference 3) showing the
mixing vortices forming in the contact surface between two fluids flowing at
different velocities. For purposes of discussion this vortex formation is
shown pictorially in Figure 13. The mechanism of pumping appears to depend
on vortex formation and the pushing-action of the high velocity fluid on the low
velocity or secondary fluid. The fact that turbulent vortex formation plays an
important part in pumping as it occurs in the ejector is further substantiated
by Cunningham who observed rapid degradation in ejector performance during
tests at flow Reynolds numbers of 3,000 and lower. Remembering that such
low Reynolds numbers represent flow in the laminar flow region where vor-
texing is nonexistent, seems to bear out the importance of flow turbulence in
pumping. The results of other investigations, as summarized in Stepanoff's
"Centrifugal and Axial Flow Pumps' (Reference 5), indicate that ejector pump
efficiency increases almost tenfold from a Reynolds number of less than 1000
to a Reynolds number of 800,000 to 1, 000, 000.
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4,2,.3,1 The Motive Fluid Jet Stream Model

. For high pumping efficiency, it appears that the motive nozzle design pressure
should be high enough to provide a velocity indicative of flow in the turbulent
flow region. An approximate model of the motive nozzle flow and entrainment
process can be established by reference to the work of Pabst, Corrsin, Ruden,
and others as summarized in Reference 6. These studies established the
velocity and temperature profiles in a round air jet emerging into still-air.

Figure 14 shows an approximate "plume' of a fluid jet as it emerges from the
nozzle exit and as entrainment occurs at various stages downstream of the
nozzle exit. The outer line, or virtual boundary, of the jet is defined as the
point at which the velocity parallel to the axis is 10 percent of the velocity at
the axis of the jet. Initially this boundary forms a cone with an included angle
of approximately 9°. The entrainment process continues at a uniformly
increasing rate to a point four to six nczzle diameters downstream of the
nozzle exit. At this point the plume boundary expands, forming a cone with an
included angle of approximately 18° and the velocity at the center axis of the
jet begins to decrease below its initial value. Further entrainment takes .
place until the jet velocity at the center axis decays, presumably to a low ¢
laminar flow velocity, It appears that entrainment occurs in two definable i
stages. Initial entrainment is the interaction between motive fluid from the

nozzle and the secondary fluid occupying an area extending from the nozzle

exit to a region four to six nozzle diameters downstrea.n of the nozzle exit.

A second stage of entrainment occurs downstream of this point and involves

t the interaction, not only of the motive nozzle fluid and surrounding still-fluid,

f but also the secondary fluid entrained in initial entrainment region. It appears
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that the additional interaction is the essential ingredient for the increased
pluming effect beyond the four to six nozzle diameter downstream point in the
flow.

The model presented is based upon motive nozzle flow which can be defined

as nearly incompressible and turbulent (Reynolds numbers from approximately
10, 000 to 1,000,000 for JP type fuels). The nozzle is convergent with a sharp-
exit. The flow emerges into a region occupied by a nearly still-fluid with the
same physical properties as the nozzle fluid.

4.2,.3.2 Effect of Secondary Flow Approach Velocity

The motive nozzle plume model of Figure 14 is based upon an induced flow
approach velocity of, theoretically, zero. As axial induced flow velocity is
increased, the motive nozzle plume angle decreases. The entrainment process
is the same as for the still-fluid model, at least in theory, except that for

any given increment in time the process occurs over a longer axial distance,

as secondary fluid approach velocity is increased. For the constant velocity
cone of the motive nozzle flow, the still-air or Vs = 0 condition has been

found to give a length of from 4 to 6dn' Forv_>0, the constant velocity

cone length becomes approximately 6dn/ (Reference 6),

1-\

where

<l<
m

=}

Nozzle bluntness appears to affect the length of the high velocity core. The
core length, as observed from tests of various nozzle configurations, is
discussed in section 4.2, 4. 4.

4.2.3.3 Cavitation and Its Effect on Induced Flow Approach Velocity

Cunningham (Reference 1) made a thorough study of the cavitation phenomenon
as it occurs in the ejector. From tests and the use of the momentum ex-
change theory, he established a relationship for predicting the limiting flow
ratio which an ejector of given area ratio can attain. Cavitation appears to
depend upon the ejector geometry, the inlet or supply pressure to the ejector,
the motive nozzle pressure, and an empirically determined Y function. The
resultant equation for limiting flow is

1/2

1.y [UHK)Y o
v * % \5 op

1 o)

Viewed as an ejector performance phenomenon, an ejector operating at a fixed
inlet pressure and motive nozzle pressure will respond to decreasing discharge
pressure (such as opening a downstream throttling valve) by an increase in
induced flow, to a point. Beyond this point the ejector fails to respond in the
predicted manner. The induced flow fails to increase in response to a
decrease in discharge pressure.
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Cunningham observed cavitation in a special ejector made of plastic and
instrumented with static pressure taps located at various distances down the
mixing tube. During his tests, a discrete front or wall of cloudy fluid formed
starting near the throat of the mixing tube. This visual observation was
accompanied by a corresponding sudden increase in static pressure across
this front. Increasing the nozzle pressure under these conditions caused the
front to move progressively further downstream in the mixing tube. This
cavitation phenomenon was accompanied by a high pitched whistling sound and
the visual detection of large quantities of air bubbling out of solution,

The oil used in these tests was known to contain up to 15 percent by volume of
dissolved air. Fuel can also contain relatively large amounts of air in
solution.

The release of air dissolved in either fuel or oil is caused by a reduction in
static pressure of the surrounding environment. The entrainment process is
accompanied by a corresponding increase in induced fluid velocity. Where the
motive nozzle is located close to the throat of the mixing tube, the secondary
or induced fluid velocity may increase to a very high value because of the
restricted opening available to flow proceeding to the throat of the mixing
tube. Air dissolved in the liquid will come out of solution. The higher the
induced liquid velocity, with a resulting decrease in static pressure, the more
air will be evolved. Induced air and liquid are accelerated as the entrainment
process proceeds into the mixing tube.

The sonic velocity of air is approximately 25 percent of that for fuel or oil,
Since the air is carried along with the liquid at equal velocity, the assumption
can be made that as induced flow velocity is increased, a point will be reached
where a shock front caused by evolved air will develop.

For a perfect gas, the critical or sonic velocity can be defined as

Vc = Vks R TC

where:
c
k = ratio of specific heats c_p
v
RC = gas constant
Tc = absolute temperature at the critical condition

Cunningham defined the Y function as:

2
VsL

Y:'YZg

which is the dynamic pressure of the induced flow.

.
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A\ for air = V

o sl for the liquid being induced.

Since there is no physical reason for the liquid flow to be choked other than
the presence of large quantities of air or fuel vapor,

Ykg R T_ _ YkR_T_

¥ E 2g 2
Since
2. R T for a perfect gas
Y cc
. Pk RCTC _ .Ep
2R T z
cc
k = 1.4 approximately for air at room temperature.
Y = 0.7P

Assuming the fuel in the ejector inlet is flowing at low velocity, -130 = Po' As

' the velocity increases in the approach to the mixing tube, and assuming neg-
ligible throat entry loss, the limiting flow condition will be reached at

0 -

X = 0.0 P
o

From the results of many tests, Cunningham derived the empirical relation-
ship

Y=0.68P
o
which agrees closely with the assumed condition.

At altitude, or under conditions for extremely high nozzle velocities, pumping
high temperature and/or high vapor pressure liquids, the above relationship
appears to yield too optimistic an induced flow rate. Reference 7 refers to
tests run on low-area ratio ejectors using nozzle pressures of up to 600 psig.

The fluid used was JP-4 at 110°F. In these tests the cavitation limit was
reached at a lower induced flow than that indicated using equation (8) with
Y =0.68 Po' In this case the light-ends of JP-4 fuel boiling out of solution

could cause the shock phenomenon of limiting flow. Assuming this to be so
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The value for k was calculated using the relationships

k = Cp/Cv
c, = ¢, -§
where
J = 778 Ft Lb/Btu
Cp = 0.493 for JP-4
R = 1545 - 1545 _ 12. 352

molecular weight of JP-4 125

Although this determination of the Y function is rather crude, close agreement
with the limiting flow achieved during the tests described in Reference 7 was
found.

Assuming KZ = 0, 150 = Pa + Y. The static pressure in the area of the

entrainment region should be maintained above a value

P = 0.5P
a o

where the gaseous products of fuel are considered to exist due to high fuel
vapor pressure, low inlet total pressure and high motive nozzle pressure.

For limiting flow conditions due to air entrainment when using low vapor pres-
sure fuel (such as JP-5) the static pressure can be lower.

P. = 0.3P
a o

The limits of static pressure reduction impose definite limits on the induced
flow approach velocity and thus on the throat entry geometry and nozzle-exit
to throat-entry spacing, or S distance.

For '" purpose of the following analysis, it is assumed that
- 3 dn
S = the constant velocity cone length = e
where
v
o
AT
n
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: For JP-4,
2
YV
sL - o0.5P
2g o
v 2 g 1Do
sL. 7y

Wn
V =)
n AnY
v 2 ¢ g\F; - By
n Y (1+K1)
Voo _\/gPo'Y(l+Kl) _Jos (1K) P, ) “
. e L 1
n 2g ¥ (B, - P ) (B, - P )
) 6d_
s = (10)
. 0.5 (1 +K,) P_
P.-P
1 (o}

It can be seen from this equation that as 1'5i - I—DO is increased, the plume

model must approach the "still" secondary fluid (Vs = 0) model in order to
prevent limiting flow cavitation.

Equation (9) can be used to determine the limiting value for V_ and thus define
the minimum cross sectional area of the ejector inlet plenum.s For most
- cases the inlet plenum cross sectional area should be larger than this mini-
- mum. Ideally, the plenum should be infinite in cross section with Vs = 0.

To eliminate gas evolution, all entrainment should occur before the induced
flow enters the restrictive mixing tube throat.

Referring again to the still-fluid model of Figure 14, the entrainment zone
i boundary is approximately defined by the motive nozzle plume angles. By
placing the mixing tube throat at the point where mixing tube diameter dm

equals the plume diameter, as shown in Figure 14, the condition for the
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desired degree of entrainment will be fulfilled. For the condition where
VS > 0, distance S in the plume model must be modified to accommodate this

approach velocity. The relation previously cited should be used, namely

£X)

6d
- n
S = R (Vs Vn) (11)

If the plume diameter is measured at the point S and compared to the nozzle
diameter, it is found that

0.5143 (12)

This value is a constant which can be used for any value of Vs/Vn. In other

words the entrainment reaction always occupies the same cross sectional area
at the point S downstream of the nozzle, The numerical value of S however,
is dependent on VS/Vn. (See Equation 11,)

It is interesting to note that '

d, 2 . {
— = 0.264
<ds’>

From many literary sources comparing nmep to area ratio, b, it has been

established that ejectors with area ratios from 0.25 to 0.3 give the highest
mep efficiencies. It is probable that the entrainment process is most efficient
if dm is located at or near the S downstream entrainment point,.

4.2.4 Ejector Geometry

From the previous discussion some conclusions as to proper ejector geometry
can be reached, especially for the ejector used to pump high vapor pressure
fuel under the adverse conditions of low inlet pressure to be encountered at
high altitude.

4.2.4.1 Ejector Inlet and Throat Entry Geometry
Because of the cavitation problem, the secondary flow velocity in the approach

to the entrainment region should be low. Theoretically the entrainment plenum
should be infinite in cross-section and Vs =0,
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An approach to this hypothetical condition can be achieved by designing the
plenum with as large a cross section as possible and allowing all entrainment
to take place before the :nixed flow reaches the mixing tube throat.

Since there is a rate associated with dissolved air coming out of solution and/
or fuel vaporizing due to reduction of static pressure, the transition from the

plenum to the mixing tube must be accomplished rapidly, such that the elapsed
time is very short. Once the flow has entered the mixing tube the static pres-
sure will gradually increase from the throat to the discharge port of the ejec-

tor, inhibiting further vapor evolution.

A number of throat inlet configurations were tested under this contract. Three
of these configurations are shown in Figure 15. Corresponding performance
curves for these three configurations are shown in Figure 16. Best pressure
recovery was obtained with Configuration 1 and best flow ratio was obtained
with Configuration 2.

It appears that a short, rounded entry would produce best results. The throat
entry of Configuration 2 most nearly conforms to this configuration. Figure
16 shows that this throat entry permitted the best flow recovery. The optimum
nozzle exit to throat spacing for Configuration 2 was approximately 3-11/16.

Tests were run which varied the nozzle to throat spacing, S, to confirm the
assumption that optimum S is that length at which the entrainment plume diam-
eter equals the throat diameter. At this point, best flow recovery is obtained.
Configuration 1 appeared to provide best pressure recovery even though the
nozzle plume extended into the mixing tube. As will be discussed later, it is
likely that high pressure recovery was achieved because the mixing tube length
more nearly approached optimum than with Configurations 2 and 3. Note that
the 50% VC cone for Configuration 1 impinges on the wall of the mixing tube

very near the end of the tube or the beginning of the diffuser (Figure 15).
4.2.4.2 Optimum Mixing Tube Length

Where nozzle to throat spacing is that point at which the nozzle plume diameter
equals the mixing tube diameter, once the flow has entered the mixing tube
throat, no further entrainment is possible. Secondary fluid access to the mix~
ing tube is blocked by the boundary of the entrainment reaction as it impinges
on the throat wall. The mixing tube servcs to stabilize the flow, by establish-
ing an equilibrium axial velocity flow profile. For turbulent flow the equilib-
rium condition exists when the ax’al velocity near the wall is approximately

50 percent of the velocity at the tube center line. (Reference 8).

Again referring to the motive nozzle plume model of Figure 14, the 50 percent

velocity cone, with its apex at the center of the motive nozzle exit, passes
through the station S downstream of the nozzle exit such that

d = d (13)
S’50% 2

Extending this line to the mixing tube wall provides a downstream point where
the velocity at the wall is 50 percent of the velocity at the center of the tube,
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At this point the flow should be stabilized sufficiently that the constant area
mixing tube can be terminated.

One ejector configuration, tested under this contract, shows that the throat
entry and a part of the mixing tube were made of acrylic (See Figure 17), .

FIGURE 17. NOZZLE AND MIXING TUBE SECTION OF EJECTOR PUMP TEST MODEL

Visibility into the ejector permitted some estimations to be made concerning
the nozzle plume and secondary flow aeration. From visual observation, the
apparent plume half angle of the motive flow nozzle was determined to be
approximately 9 to 10°, The downstream change of plume angle is extremely
difficult to determine visually, due mainly to the flow turbulence at the entrain-
ment boundary. Figure 17 shows picturally Configuration 1 of Figure 15. The
motive nozzle used with this configuration was blunt at the exit station. Use

of a blunt nozzle, instead of a sharp exit nozzle, apparently has the effect of
shortening the S~ initial entrainment distance. The velocity ratios experienced

\%
ranged up to approximately V—S = 0.19. Assuming a S' shortening from
n
6d 4d

o n o n
S = ] '(Vs Vn) toS = TV v (VS/Vn’ the resultant apparent plume boundary half

angle is 90, The cone for the Vigs 50% VC condition as shown in Figure 18

gives the optimum CTL— = 4.21. Three pump-down runs were made with this
m

configuration, varying only the mixing tube length as shown on the drawing.

Motive nozzle flow was held to 25.5 + 0.5 gpm. The results of these runs are

shown in the curves of Figure 19, pressure difference ratio versus di’ at

m
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various flow ratios. Depending on flow ratio, optimum d—L— occurs at values
m

from 4 to 4.75. At the high flow ratio, ¢ = 6.5, the peak occurs at (TIi = 4.2,
m

These values appear to confirm the theoretical assumption for mixing tube

length (at least for this configuration).

A mixing tube which is too short appears to more adversely affect ejector per-
formance than a mixing tube which is too long. Underdeveloped flow probably
expands abruptly within the diffuser rather than diffusing gradually. The
resultant flow reversal in the diffuser creates a higher pressure loss than the
added wall friction encountered in greater than optimum mixing tube length.

4.2.4,3 Optimum Diffuser Configuration

Since the flow entering the diffuser will be stabilized, the choice of diffuser
angle is one based on minimum loss. As was noted in Section 4.2.2.4, a
conical diffuser with a cone angle of 60 (30 half angle) gives minimum loss.
This will result in a long diffuser which would be more difficult to adapt to
some aircraft installations. Increasing the diffuser angle to a value equal to
the 50% VC angle of the nozzle plume will probably still give satisfactory per-

formance without flow reversal, i.e,, abrupt expansion loss in the diffuser.
For the test ejector shown in Figure 18, a diffuser cone angle of 12° would
probably be satisfactory, although the diffuser actually used had a cone angle
of 89,

4.2.4.4 Optimum Motive Nozzle Configuration

Figure 20 shows some of the motive flow nozzles used during testing under
this contract, Also included is the theoretical sharp nozzle on which the
""still' induced flow plume model is based. For the Vs = 0 condition the exter-

nal shape of the nozzle has no significant effect on S. However, for vV, > o,

even though Vs may be small, the effect of external nozzle surface divergence

angle and the bluntness of the nozzle exit will affect S. For this case, the
ideal nozzle configuration must have an external shape which prevents second-
ary flow separation at the nozzle exit and introduces this flow parailel to the
motive flow. Ideally such a nozzle will have an infinitesimally thin wall at

the exit. A nozzle configuration approaching the ideal nozzle would be difficult
to fabricate and impractical for service because of susceptibility to handling
damage. The nozzles of Configuration 2 required car in handling to avoid
denting the sharp edge.

The nozzle discharge coefficients for the various nozzle configurations were
calculated at the Reynolds number shown in the table accompanying Figure 20.
The nozzle dimensions are given either in the figure or the accompanying
table. No distinct trend toward optimum nozzle configuration is apLarent. It
appears that internal conical convergence angles of 20° and 30° (10° and 15°
half angle) provide approximately equal performance. dn/dp ratios as low as

0.208 did not appear to adversely affect nozzle performance. Testing accom-
plished under this contract appears to substantiate the use of a nozzle loss
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[ coefficient Kl 2 0.1 as advised by Cunningham (Reference 1) for high Reynolds

number flow.

The nozzle external configuration may depend upon other ejector geometric
considerations such as inlet plenum size and area ratio. From nozzle testing,
it may be concluded that the combination of shallow diffusion angle (15° half
angle) and sharp exit provide 2 larger s high velocity core distance. None of
g the nozzles tested attained the S = 6d length assumed. Even in reference 6

there is a question as to the exactness of this value. It appears that for most
practical nozzle designs s = 4dn to 4. Sdn would yield satisfactory design

v

results for theV—s & 0 case,
n

4.2.5 Performance Results

Three different configurations of the simple ejectors tested are shown in Figure
21, Figures 22, 23 and 24 show the N versus ¢ performance curves obtained
for these configurations. Two performance curves are shown for each config-
uration. The optimistic curve was derived by analysis using loss coefficients |
determined by methods described in Section 4.2.2. Test results are indicated
by coded points and a faired curve. All tests were limited to maximum of 500
psi nozzle pressure as this was determined to be the operating range of main
engine fuel pumps.
The deviation from analytical prediction is apparent., The ejector loss coeffi-
cient K34, determined at various test data points, varied from a low of about

- 0.38 to a high of approximately 0.75. In determining K34 from tests, K1 was
calculated from the test data, K, was assumed to be zero and K34 was calcu-

2

lated using equation (2). Since K2 may have a discrete value for the throat

inlet used, the values of K34 may be somewhat pessimistic. However, from

visual observation through the acrylic parts of the ejector during tests, it

would appear that the high value of K34 was more a function of the aeration of

the induced flow rather than a high throat entry loss. The effect of a shallow
convergent cone angle throat entry permitted relatively large quantities of
entrained air to come out of solution due to the high approach velocity of the
induced flow. At high induced flow rates, the interior of the ejector throat and
mixing tube were completely obscured by foamy fluid. Even with the ejector
flow throttled to a low flow ration, aeration was visible,

Induced flow aeration was-also a function of motive nozzle pressure. At 200
psi nozzle pressure, the throat entry and mixing tube were relatively clear
(See Figure 17). Increasing the nozzle pressure produced increasing cloudi-
ness in the throat entry section. At 500 psi nozzle pressure, this cloudiness
was present almost to the ¢ = 0 throttled condition. Multi-phase or aerated
flow is known to substantially increase losses in piping systems. It would
appear that this is the basic reason for deviation of the loss coefficient, K3
from that assumed for all-liquid flow.
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PRESSURE RATIO, N
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FIGURE 23. EJECTOR PERFORMANCE

The case of the b = 0,.0163 ejector tested, Figure 23, is of particular interest
here. The mixing tube length for this configuration was very near optimum.
The loss coefficient (K34) =~ 0, 38 at low fiow ratios and = 0.7 at a flow ratio of

7.85 using 300 psig nozzle pressure. Extrapolating the test curve to ¢ =0
gives an N value equal to the analytical point using K34 = 0,2,

It would appear that high induced flow velocity initiates flow aeration, in this

case, at a relatively low flow ratio. Flow aeration has a marked effect on

ejector performance. This appears to substantiate the design need for a large

inlet plenum and short throat entry. The plenum diameter to throat diameter
d

ratio for these ejectors was d—o = 2.67. This ratio appears to be inadequate
m

even using a short throat entry. This ratio is discussed further in Section

4,5, 1.
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FIGURE 24. EJECTOR PERFORMANCE

For any given ejector geometry with a finite plenurn diameter, the effect of
throttling the ejector outflow is manifest in a change in motive nozzle plume
angle. As induced flow is reduced, the nozzle plume angle tends to increase.
This change is predicted by Equation (11). A reduction in Vs decreases the

ratio Vs/Vn, which in turn, reduces S. The entrainment reaction occurring

at the S station takes place closer to the nozzle exit. Since the reaction
occupies the same area (as defined by Egquation (12) ) the effect is an increase
in plume angle. An increase in motive nozzle pressure, thus increasing Vn

while maintaining induced flow at a constant level, produces the same effect.
Both of these characteristics were confirmed visually during the testing pro-
gram., For an ejector required to operate at a nuinker of flow points, as in

an aircraft engine feed system, the above characteristics have an important
bearing on ejector geometry. Where the plenum diameter is large with respect
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to mixing tube diameter (V_ small) plume changes will be minimal, However,
where the plenum diameter is small, plume changes will require a reduction
in nozzle exit to throat spacing to permit efficient operation at low flow ratios.
The effect of too large an S spacing at reduced flow ratios is a decrease in
pressure recovery due to plume splatter, where a part of the plume misses
the throat entry. Configuration 3 of Figure 15 shows this condition. The per-
formance curve of Configuration 3 (Figure 16) substantiates this conclusion,

4,3 THE ANNULAR EJECTOR

A definition of the term annular ejector is required befor= any discussion of
this device is presented. For purposes of this report, an annular ejector is
one using an annulus slot motive flow nozzle which discharges the motive fluid
into either an annular throat or a circular throat. The motive nozzle slot may
be located near the plenum wall or at some intermediate radial distance
between the wall and the pumps axis of symmetry. Some of the possible
arrangements are shown in Figure 25. Under this definition the annular ejec-
tor discharges the mixed fluids into a circular pipe.

All of the combinations shown in Figure 25 were tested. Of those shown, Con-
figuration 4 gave best results. Most of the following discussion will be con-
cerned with this configuration. Configuration 1 was very poor. The converg-
ing ramp cntry to the throat appeared to hamper the entrainment process.
Considerable turbulence was evidenced during operation of this configuration.
Configuration 2 and a modification of this configuration using a centerbody (as
shown in Configuration 4) gave some improvement. However, the presence of
a wall in close proximity to the motive flow appeared to hamper entrainment
even though the wall was parallel to the motive flow. The performance of Con-
figuration 3 more nearly approached analytical prediction based on classical
n:omentum relationships than did Configurations 1 and 2. The performance
was poor due to the low area ratio. The addition of a centerbody, as shown in
Configuration 4, raised the area ratio and improved the performance very
much,

Figure 26 shows the performance of an annular ejector based on Configuraiion
4. A comparison curve of the anticipated performance for a simple ejector is
also shown. The annular ejector curve indicates poorer performance. Further
study and testing of this type of ejector is required to find a configuration which
will provide performance which more nearly ratches that of the analytical
curve. One of the significant factors concerning these curves is the close par-
allel between thern, which indicates that accurate estimation of the losses

(Kl, KZ’ and K34) should enable the designer to predict annular ejector per-

formance using the same basic equations (Equations (1) through (4) ) as are
used for simple ejectors.

4,3.1 The Annular Motive Flow Nozzle Plume Model

From the results of the tests described in Reference 9, the annular nozzle

plume model is approximately the same as was presented for the round jet in

Section 4. 2. 3.1 with the exception that the slot width dn becomes c_. S, the
n

length of the high velocity core, was shown to be approximately 4.5 . This

is dependent upon the relative bluntness of the nozzle. Thus, the geometry of
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CONFIGURATION 1

CONFIGURATION 2

CONFIGURATION 3

CONFIGURATION 4

FIGURE 25. ANNULAR NOZZLE PUMP CONFIGURATIONS
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the annular ejector is governed by similar considerations discussed for the
simple ejector, only based upon slot width considerations rather than nozzle
diameter.

For the annular motive nozzle with a sharp exit == 4.5 for Vs = 0. The
n

above assumption is based upon information from Reference 9. Figure 27

1.0 ’——C‘j
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FIGURE 27. CENTER LINE VELOCITY (Vs = 0)

shows the centerline velocity decay for the annular and round jet, based upon
the information obtained from the above reference for the slot nozzle, and
Reference 6 for the round nozzle. From the figure it appears that the high
velocity cone length is the same for both slot and round nozzles. The velocity
decay rate is lower for the slot nozzle beyond the high velocity cone point.
Thus, the second phase on entrainment and mixing takes place at a lower rate.
This does not appear to affect the 50% V cone angle. Comparison between
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the cone geometry for the round jet and the slot jet show negligible difference.
It may be that nozzle exit to throat entry spacing, S, for annular ejectors with
area ratios less than 0.265 needs to be slightly larger than for the equivalent
simple ejector, in order to provide equivalent flow ratio. Further investiga-
tion is necessary to determine optimum ejector configuration and establish
the criteria for optimization,

4.3,2 Annular Nozzle Performance

Only one basic annular nozzle was used in testing under this contract. The
nozzle calibration curve has been previously presented in Figure 8. The noz-
zle discharge coefficient for this configuration was approximately 0. 97, which
is comparable to round nozzles tested under this contract. The original noz-
zle, shown in Configuration 3, Figure 25, was quite blunt at the exit station.
The nozzle was later modified as shown in Configuration 4 Figure 25. Con-
siderable improvement in ejector perlormance was attained by this change as
shown in Figure 28. This improvement is attributed mainly to the increase in
S length attained with the sharp exit configuration.

0.12

0.10 . \

- CONFIGURATION 4 — SHARP
NOZZLE EXIT

AN

0.08

4

=]

s CONFIGURATION 3

® 0.06 WITH CENTER BODY

& OF CONFIGURATION 4 — \
2

w

[ 4

o

BLUNT NOZZLE EXIT \
0.
04 N\

0.02

0 0.5 1.0 1.5 2.0 2.5 3.0
FLOW RATIO, ¢

FIGURE 28. COMPARATIVE PERFORMANCE ANNULAR EJECTOR WITH BLUNT NOZZLE EXIT
AND WITH SHARP NOZZILE EXIT
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4.4 ALTITUDE AND TEMPERATURE EFFECTS ON
EJECTOR PERFORMANCE

To determine the effects of altitude change on ejector performance, a series

of simulated aircraft climbs were made. The results of these climb tests are

shown in Figure 29. The ejector used for these tests is shown in Figure 15,
Configuration 3, with a nozzle exit to throat spacing S = 3-11/16. The actual
pump used is shown in Figure 37. The climb procedure was as follows. The
ejector was operated at sea level and throttled to obtain maximum pressure
at the maximum flow ratio point. Maintaining this condition the supply and
receiver tank pressures were reduced to simulate a desired altitude,

Tank pressure altitude was changed in accordance with a time schedule as
shown in Figure 30. The tank pressure variation was based on a typical high
speed fighter which would climb from sea level to 60,000 feet in five minutes.
The tank altitude pressure was corrected by adding 5 psi. The 5 psi was
introduced as a requirement to prevent 135°F fuel boil -off in excess of 2 per-
cent as specified in MIL-F-17874,

Three runs were made, using JP-5, at various temperatures as noted in Fig-
ure 29. To is the average ejector inlet fuel temperature and Ti the average

motive nozzle fuel temperature for the run. One run was made, using JP-4,
with an ejector inlet temperature of 130°F and motive nozzle temperature of
178°F average. Temperature variation for the runs was 10°F or less. An
additional run, not shown on Figure 29, was made with JP-5 at 10°F. Flow
ratios for this run corresponded closely with the -30°F JP-5 cold test shown
in Figure 29.

Ejector pressure rise was set at sea level. The pressure at maximum flow
ratio is shown in the following table with corresponding nozzle pressure.

Maximum
Nozzle Pressure Ejector Pressure Rise Flow Ratio Test.
Pi = Po’ psig Pd - Po, psi
405 34 1.76 JP-5
ambient
380 26 JP-5
cold
405 32 1700 JP-5
hot
400 37 1.58 JP-4
hot

A plot of equation (8) for limiting flow due to cavitation is shown in Figure 29,
for Y = 0.7P,andY = 0.5 Po. The value of K] used was 0.1. The
cavitation predictions correspond well for Y = 0.7 Po and the JP-5 cold and
ambient runs., For the hot JP-5 and JP-1 runs, the Y = 0.5 P, prediction
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FIGURE 29. CLIMR TEST PERFORMANCE

is somewhat optimistic. Due to the climb rate, insufficient time for vapor
boil-off in the tank may have provided a supersaturated fuel-vapor solution ]
in the entrainment region of the ejector. .

Visual observation of the ejector entrainment region, during these hot climb
tests, indicated the presence of a large volume of vapor tranped in the area .
between the extended part of the mixing tube and the plenum. (see Figure 15),
From visual observation it appeared that the volume of vapor increased until
some vapor was forced into the nozzle plume. The vapor was entrained in
large quantities as altitude was increased. Vapor entrainment was unsteady
‘ creating an ejector discharge pressure surge. Ejector discharge pressure
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FIGURE 30. ALTITUDE CLIMB SCHEDULE

decreased from a reasonable value to zero and back again., The pressure
cycling was fairly rapid, on the order of one cycle per every 2 to 3 seconds.
This condition was probably the cause of the deterioration in performance
below that anticipated. Vapor collection can be reduced by eliminating the
trapping area.

The hot JP-4 and hot JP-5 acted very nearly the same during the climb test.

This is attributed to the tank pressurization which prevented boiling. On the
JP-4 tests, when attempting to reduce the tank pressure below that used for

60,000 feet plus 5 psi (6 psia), the fuel began to boil with a rapid degradation
in performance.

An altitude test was performed using the annular ejector configuration as

shown in Figure 25, configuration 4, except that nozzle to throat spacing, S,
was approximately 0. 6. This spacing appeared to be larger than optimum.
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The results of the altitude test are shown in Figure 31. The test results
conform closely to the predicted performance using equation (8) with

Y = 0.7 Po. No time schedule or tank pressurization was used for this
altitude test. Nozzle flow was maintained at 85 gpm throughout the run. As
maximum flow ratio decreased with altitude the ejector was throttled to obtain
maximum discharge pressure at maximum flow ratio. The maximum
pressures followed the normal pump-down curve as would be expected.

These tests appear to confirm Cunningham's (Reference 1) observations on:
the cavitation phenomenon., Cavitation can be predicted with reasonable
accuracy by the use of equation (8) and the use of proper Y function values.,
The cavitation phenomenon has the same effect on annular ejector performance
as on simple ejector performance.

e

60 —Q
JP-5 112°F TO 1380F
b= 0.076
Pj-Po =240 PSIG
Wy =85 GPM ‘,
50 3
]
&
40 %
PREDICTED (EQUATION 8 |
WITH K =0.07, Y = 0.7 Pp)
fo=
w
= 30
u
5 i
TEST
5 /
<
20
10 \ -0— '
' S.L. D
0 1 2 3 '
’ MAX FLOW RATIO, ¢
| FIGURE 31. ANNULAR EJECTOR ALTITUDE PERFORMANCE
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4.5 EJECTOR PUMP COMBINATIONS

There are innumerable combinations of ejectors which can be considered.
Some of the combinations considered under this contract are described in the
following discussion., All can be listed in the following categories:

a. Series induced flow ejectors

b, Series staged ejectors

c. Series parallel staged ejectors

d. Dual operation ejectors

4,5.1 Series Induced Flow Ejector

A series induced flow ejector is one using a single motive flow nozzle in
which induced flow is entrained in steps. This type of ejector has two or
more mixing sections. Such an ejector with two steps of entrainment is
shown in Figure 32. Motive flow entrains fluid in the first stage. The mixed
flow of the first stage is then used as motive flow for the second stage. Thus,

6. = Wsl 4 = wsZ
S el y s
1 Wn 2 Wn + Wsl
The total induced flow WSt = wsl + wsZ and the total flow ratio
w w
_ sl + s2
¢T = -—Tn—-— ¢, ¢ ¢2(1 i ¢1) (14)

The equation for N can be modified to

P, - P




P . & 1 . Y
HOLOAra MOTd G3IODNAN! S3AINAS ZC JduNOIA
oos0 =
%10 ="'
€600 =
3IVLS LSMId = =
S Ko S o
O
4
—J— [=5 =—
ﬂ q
— - = —_— |
” ——== :
JE
TM -




Since the discharge pressure of the first stage is essentially the motive
nozzle pressure of the second stage

(Py - Polp = (Pg - Py
The total pressure difference ratio for the pump combination is

- B)

(pd 2
(P, - P - Pq - 1:)0)2
by mathematical manipulation

N,N
~_ 12

T l+Nl+N2

In the above equations it has been assumed that the inlet pressure of both
stages is approximately the same. Thus

1‘-)ol - r:‘02
Reference 10 presents a system which is similar to that being discussed here
in which two separate ejectors are plumbed to provide a system comparable
to that of Figure 32. The relationship of the first stage to the second stage
as derived was determined by the ratio of the first stage motive nozzle diam-
eter to the second stage nozzle diameter. The resultant equation is

d 1/2 / N, \1/4 [a+k,),] '/* .
nl _ 1 i 1 171 (16)
d , 149, 1+ Nl (1 + Kl)z

The equation is derived from the motive nozzle pressure drop ratio

(equation (1)) of the first stage to the second stage,

P; - 1:’o)l (Pi - Po)Z

Assuming the motive nozzle loss coefficients of both stages are the same

1/2 1/4
i ( 1 ) <_J§l_.> (17)
a, " \TF9; TFN,

For the case of Figure 32, an = dml' Thus equation (17) becomes

dn 1\ e [Ny &
d - <}4-¢1> I+ N =‘VET

~




i Pac

In this specialized case blbz = bT where

(4=I )2
by = 72
T \a_,

or the overall area ratio of the ejector combination., In accordance with
Reference 10, the first stage will operate at one point which is the point of
intersection of the N versus ¢ character-curve for the first stage and a plot
of equation (17). Such a plot is shown in Figure 33 for the configuration of
Figure 32. The intersection point gives N; =0.116 and ¢; = 2,32. At this
point¢, = 0. Thus, the second stage will start to entrain fluid at the point
where ¢1 = 2.32 = ¢1. Throttling the ejector to a flow ratio less than

@) = 2.32 will result in recirculation of induced fluid between the second and
first stages. The value of N, at, say ¢; = ¢ = 1 will be a function of the
pressure balance between the feed line pressure drop and the pressure drop
of the recirculation path; i.e., the fluid back flow from the second stage to
the first stage.

Test results for the ejector configuration of Figure 32 as shown in Figure 34.

During the tests, the ejector was throttled to the ¢, = 0 point by visually
observing the flow through the acrylic parts of the pump. The point at which
second stage induced flow stopped is noted in Figure 34. The flow ratio at
that point was approximately 3.94. The two curves are for a motive nozzle
pressure of 100 and 300 psig.

It is apparent that the 9, = 0 does not match that anticipated by equation (17).
NT = 0.0149 for the 300 psig nozzle pressure curve at the ¢2 = 0 point; at

= 0,0316, Since the area
> 0,260

100 psig nozzle pressure the corresponding NT

ratio of the second stage is b = 0,111, at the ¢Z = 0 point, N
(K1 =0.1, K

2
34 = 0.25). From equation (15);

N _ (0.0149) (1.260) _

1 (300) - 0.245 0.0765
_(0.0136) (1.260) _
Ny {100y © 0,246 = 0.0696
P.-P) _ (0.0765) (300) _ )
d "oy (300 © T.0765 Shal: 1 pei
- = (0. 0696) (100) .
(Py =P ) = = 6.5 psi
d o) (100) 1.0696
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Since there is no induced flow at the second stage, the pressure drop from the
second stage nozzle to the ejector discharge is, from equation (3);

= = ° 2
(P-Py) = (By-P) -(Py-P) =g TxTy [1+Kl - 2, H(1+K ) by ]
2 1 1 I 2
Since K1 has been assumed to be 0.1 and K34 = 0,25
(P,-P)
B.-P L B 0.222 + 0.0154]
(pd-Po)l - (Pd-Po)z ST 1.1 2. i el <
(P,-P) - (P -P) = 0.81 (By-P)
1 2 1
(P4-P ) = 0.19 (P,-P )
2 1
For
(f’d-Po)l ~ 21,4 psi
(B,-P) = 4.06 psi
2
For
(I_Dd-iso)l ~ 6.5 psi
(ESd-ISO)2 = 1.23 psi

From test data for thc™e points (?d-f’o) = 4, 4 psi and 1. 34 psi for motive

2
nozzle pressures o! 300 and 100 psi respectively. Since the pressures calcu-
lated from the assumed K values are lower than test values it is assumed
that the losses were actually less than those assumed.

Substituting t' ‘est values for calculated values of pressure
P -P = 4.4 = 21.4(1-K)
d "o 2(300) e
(P,-P = 1.34 = 6.5 (1-K )
d "o 2(100) e

1 - Ke ~ 0,206 for both cases.
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The second stage abrupt expansion loss is thus Ke = 0,794. A much used

expression for abrupt expansion loss gives the total loss,

A] 2 2
Keg[I-A; = |1 -Db (18)

For 2
b = 0,111, Ke 2[0.889] > 0.79

This expression simplifies analysis procedure by eliminating the need for
laborious trial and error calculation using various assumed values of K1 and
K34. It is only applicable at the ejector condition of ¢ = 0, however, and
only applicable for the nozzle to ejector discharge pressure drop.

From the results of these tests, it would appear that the first stage of the
ejector sees the second stage as only an additional pressure drop in the feed
system. The first stage will always operate at its maximum capacity com-
mensurate with the pressure drop requirements dictated by second stage and
feed line conditions, Since test data appear to confirm the constant value for
K for equation (18), it is relatively easy to estimate the second stage loss
and add it to the feed line loss when determining the first stage operating
point. Before the second stage will begin to pump fluid, a discrete pressure
drop across the stage must exist, The loss coefficient describing this pres-
sure drop is a constant for any given value of area ratio, b,

Another configuration tested had a first stage area ratio bl = 0,052, The

second stage area ratio was the same as the configuration shown in Figure 32,

b2 = 0.111. The points of operation at ¢2 = 0 are as shown below.

(P; - Py o1 Nop
298 psi 2.64 0.0145
400 psi 2.42 0.0149
495 psi 2.53 0.0145

Since N2 ~ 0,260 at ¢2 = 0, the results shown are quite consistent with results

obtained for the first configuration except that flow ratios are less. These
flow ratios are quite realistic for the first stage area ratio used. Referring
to Figure 7 for a b = 0.05 configuration and an le 0.076, the flow ratio is

approximately ¢1 = 2.5.
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The series induced flow ejector configuration was considered under this
contract because it appeared to offer a method of overcoming cavitation. The
overall performance of this configuration does not appear to be an improve -
' ment over an equivalent simple ejector. Instead, a penalty is paid for the
’ additional entrainment and mixing process required by staging.

From Cunningham's equation (Reference 1) for limiting flow ratio due to
cavitation (equation (8)), values of limiting flow can be calculated for the
first stage of the configuration shown in Figure 32. A comparison is shown
below between these calculated values and the test values obtained for ’Z = 0.
Y, in equation (8) is assumed to be 0. 7P01.

Motive Nozzle Pressure:

(?l - Po)l bl ¢1L calculated 9, test
100 0.0973 3.20 3.94
300 0.0973 1.85 3.92

It is apparant that the first stage operation points exceeded those anticipated,
considering the effects of cavitation for both nozzle pressure. From
Figure 32 note that the nozzle plume diameter matches the mixing tube diam-

* eter at the throat entry, thus indicating an optimum S spacing. In addition,
the flared tube throat entry is close to an optimum radiused configuration,
and is short. The ratio of plenum diameter to throat diameter is

dO AO
-d_:S;I_\—=64
m

3

At the Gl = 3,92 condition, using 300 psi nozzle pressure, the induced flow

rate was 20, 700 pounds per hour; Vs =~ 1,29 ft/sec;

v
8= 1229
vn— 315 0.006

The limiting flow velocity ratio, from equation (9), modified for JP-5 air
evolution is

: Vs =‘[w ~ of10:.7)(1.1) (14.7) - 194

\Y% P.-P 300
n i o

i O RS
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The ratio of these two values is

MTest _ 0.006

)‘L 0.194

= 0.031

Thus it appears that a ratio of about 0.03 eliminates cavitation problems, at

least up to flow ratios of 4.

It is of interest to note that the second stage mixing tube and diffuser was the

same part used for the simple ejectors discussed in Section 4,2.5. From
tests with the staged ejector, the loss coefficient K34

further substantiates the assumption that the high K34 values obtained in the

simple ejector tests are a function of induced flow aeration, or multiphase
flow.

4,5,2 Series Staged Ejectors

A series staged ejector is one consisting of two or more simple ejectors
arranged in series. Thus, the discharge pressure of one stage is the inlet
pressure of the next stage downstream, or

Bal = Foz

The induced flow of the last stage is the sum of the induced flow of the first
stage plus the motive flow of all stages. Thus for a two stage ejector con-
figuration,

wsZ = wsl * Wnl

w wnl(<¥>1 +1)

s2

Reference 11 defines the total mass flow ratio of the system as the product
of the mass flow ratios of the individual states, where the mass flow ratio
is defined as the total mass flow leaving the ejector or stage divided by the
induced flow entering. Using this definition it can be shown that,

¢1+1

Thus
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Reference 11 also defines that one of the design criteria be to have all stages
operate at the same maximum available pressure. Thus Pi = 'Fi = Fi. For

a two stage ejector: 1 2

Py -P, Py P,
N, =®F,)-®, b) - B-F
i o dl o i dl
Py, "Pa
N2 = B.-B,
2
1-Dd -I—’o
N = _.—-_L-
T Pi-Pd
2
By mathematical manipulation
NT = Nl + N2 (1 + Nl) (18)
By definition
w ws * wn
6. = —S2 ¢, = ———4
1 w o2 Wn
Ill 2
For a two stage ejector:
w
fe = 8
T Wn + Wn
1 2
Thus it can be shown that
¢ ¢
R (19)
T 1+ ¢, +A¢Z
Substituting
w
n, A
®; = U
2 {
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for ¢Z in equation (19)

To obtain highest total flow ration, an must be zero and ¢T = '4’1. In other

words, the optimum solution for maximum flow ratio reverts to the simple,

single stage ejector. For W _, >0, ¢T will always be less than ¢1.

For the two stage ejector configuration, it would appear that the first stage

must be designed to give the best possible flow ratio. In the study of

Reference 11 the discussion mainly concerned the pumping of gases.
conclusion drawn from this reference was that each stage should operate at

or near its breakoff point, where the breakoff point was defined as that point
at which the induced gas flow achieves sonic velocity in the throat of the

ejector. The equivalent break poing for the liquid pumping ejector is the
cavitation limit. Thus, if it is assumed that cavitation is an incurable ailment
of the ejector, the first stage must be designed to provide the required induced
flow at the critical inlet or altitude condition within the flow ratio limit as
determined by equation (8). Moreover, a minimum first stage discharge
pressure can be prescribed by assessment of the vapor pressure of the liquid
being pumped, so that liquid delivered to the second stage inlet is at a pressure

equal to or higher than the vapor pressure.

The

For the staged ejector, it is best, at least at the critical design flow ratio,
for each stage to operate at maximum efficiency: The maximum efficiency
point or mep can be approximately determined from the simple equation

defining the ejector mixing tube average Reynolds number, where, by

continuity:

R, = Ybe(l+4

m

R
n

where Rn = nozzle exit Reynolds number. At the condition for equality
between mixing tube and jet momentum Rm =R_. Thus the flow ratio at or

near maximum efficiency is

g = = -1
RS

If § of equation (20) is made to be GL for equation (8), then

1-b (1+K,)YP
amepzaLzT ﬁi-Po -
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Knowing the maximum available nozzle pressure, the desired flow-ratio and
the critical operating altitude, preliminary stage sizing can be defined
by the above relationship.
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4.5.3 Series — Parallel Staged Ejectors.

A Series — Parallel staged ejector operates in a similar manner to the series
staged ejector except that some of the induced flow is allowed to flow to the
intermediate and final stages of the ejector combination without be.ngﬁt of
initial pressure increase. Analysis of such an ejector becomes difficult
because of the many variations of allowable intermediate stage induced flon
that are possible. A two stage ejector, utilizing series and paral.lel flow, is
shown in Figure 35, The first stage, a simple ejector, pumps fluid to the
second stage. The second stage, in this case an annular nozzlc?, not only
receives flow from the first stage but also from the inlet line directly.

5

s

This type of configuration has two advantages. For one thing, the total
induced flow can be greater than for series staged configurations, This
advantage, however, is secured at the expense of output pressure. The
second advantage is that operation under throttled conditions can be accom-
plished without the accompanying high discharge pressure associated with
series staged configurations. A series staged ejector will react to throttling
by a corresponding decrease in first stage flow ratio.

The accompanying pressure rise is compounded by the second stage pressure
rise, The discharge pressure will tend to rise sharply as the ejector is
throttled. With an ejector combination permitting direct induced flow at the
intermediate stages, throttling is accompanied by each stage, in succession
starting with the last stage, following its own pump-down characteristic,
until the directly induced flow of the stage is zero. As throttling is con-
- tinued, the flow of the last stage will be increasingly recycled to the inter-
mediate stages. The resultant pressure rise of the ejector at 4, = 0 can

be considerably less than the pressure rise of a series staged ejector depend-
ing on the amount of intermediate stage secondary tlow inducement permitted
i.e., the amount of stage recirculation permitted.

The performance of the series - parallel ejector of Figure 35 is shown in
Figure 36. The lower curve is the performance of the second stage annular
ejector operating without first stage boost. The upper curve shows the per-
formance of the combined stages. In this case, stage motive nozzle pres-
sures were not the same, as is indicated in Figure 36. Note that the curve
slope changes at an induced flow of approximately 32 gpm. At lower induced
flows, considerable recirculation between the two stages was noted. Better
performance than that indicated is probable if the design of the stages is
optimized. As was indicated in section 4,3 annular ejector design optimiza-

. tion requires further research. The flow characteristics can also be changed

: by either increasing or decreasing the second stage direct induced flow pas-
sage area. As was noted before, a multitude of variations are possible by
this process.

4,5.4 Dual Operation Ejectors

* Dual operation is possible for aircraft engine feed systems, where both non-
: afterburning and afterburning operating modes exist. This is made possible
by the use of two engine driven pumps, one, the main engine pump for opera-
tion to military power, the other, the afterburner pump for operation up to
full afterburner thrust.
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The dual operation technique can be combined with the series staging, or
series parallel staging configurations, or used with simple ejector configura-
tions.

As applied to series, two stage ejectors the main engine pump could provide
motive flow for the first stage of the ejector. This stage would be designed
for high induced flow capacity such that at maximum afterburner thrust it
could deliver the required induced flow, but at a low pressure. When
throttled to military power flow this stage would deliver fuel at the desired
output pressure. When in the afterburner mode, the second stage of the
ejector, operated by fuel from the afterburner pump, would increase the
ejector discharge pressure to the required level at the full afterburner flow
demand. Applying dual operation to the series-parallel two stage ejector
results in a different arrangement. To avoid interstage recirculation it is
probably best to use the second stage to provide fuel to the engine up to full
military power. The first stage could be used to augment pressure and flow
for afterburner operation.

A dual operation simple ejector is shown in Figure 37. Dual operation is
achieved by the use of two concentric motive nozzles. With this arrangement
the flow to the smaller nozzle would be provided by the main engine pump and
flow to the large nozzle provided by the afterburner pump.

Dual operation allows economies in motive fuel usage at lower engine power
operating modes. Thus, for ncrmal operation up to military power, less
fuel is circulated than would be possible if single operation design were used.

4.5.5 Optimum Combinations

From the previous discussion, it appears that the series induced flow ejector
configuration provides no advantages ove> the optimum simple ejector.

It has been shown that for maximum flow ratio, the series staged ejector
reverts to a simple ejector configuration. If, however, high discharge pres-
sure cannot be attained by simple ejector means, series staging may be a
practical solution.

The series-parallel ejector combination may offer the advantage of higher

induced flow capability and pressure boost. In this case, the second stage of
the ejector combination must have high flow ratio capability. The first stage
adds just sufficient high pressure flow so that the mixed flow pressure to the
second stage inlet permits the attainment of the desired discharge pressure.

The series-parallel ejector combination shown in Figure 35 is unique_in that

the outer nozzle plume surface entrains fluid from an inlet pressure Po while

the inner plume surface entrains fluid from an inlet pressure f’d . Itis con-
1

sidered that this combination may have advantages over series-parallel ejec-

tor combinations using simple ejector stages. More study of this configuration

is needed to optimize design.
Of the combinations studied, the series-parallel ejector using an annular

second stage, appears most promising. However, further development is
required to achieve its potential.

74

LY




%
i
b o
Taul
!
4
g
Ve ;
%

diNfNd ¥MOLOAEFA 3dNWIS 3 1ZZON "WNA °LE FUNOIL

/

——
I
1
y

£ =

75




e e it Soirs

A dual operation simple ejector was presented in Figure 37, Tests of this
configuration with both nozzles supplied simultaneously show that the nozzle
combination acts as a single nozzle. Thus, this configuration is a two-in-one-
package ejector. For aircraft systems with both non-afterburning and after-
burning modes of operation, this configuration is recommended.

. r

4.6 LABORATORY TEST SETUP .

The test setup for the ejector component development and climb tests is shown
schematically in Figure 38. Figures 39 through 42 are photographs of the

test setup. Figure 39 is an overall view showing the three insulated tanks,
nozzle supply tank, sump tank, and receiver tank. Figure 40 shows the two
J79 main engine pumps with the hydraulic pressure gages and pump fuel inlet,
and discharge pressure gages. Figures 41 and 42 show the ejector pump.

4.7 SUMMARY

Over a hundred test runs, on sixteen different ejector configurations and ejec-
tor combinations were accomplished under this contract. The objectives of
these test were:

a. To determine the feasibility of using high motive nozzle pressure.
b. To investigate low area ratio performance (b = 0.1 to 0.01). ]
c. To confirm the accepted performance prediction analysis as
established by Cunningham and others. ’
d. To investigate the cavitation phenomenon, its predictability, and
methods of eliminating it,
e. To establish a uniform method for sizing and designing simple |
ejectors. |
f. To investigate unusual ejector designs (annular ejector).
g. To investigate some of the less complicated ejector combinations.

Nozzle pressures up to 500 psig were used with considerable success. High
nozzle pressure reduced the maximum attainable flow ratio. This reduction
is due to cavitation and is predictable by use of Equation (8) with suitable
values of Y and Kl'

Area ratios from 0.0108 to 0.111 were tested. Test data showed that low area
ratio ejectors have a higher flow capacity than higher area ratio ejectors. The
use of Equations (1) through (4) will give good predictions of ejector perform-
ance, provided $uitable values of Kl' KZ’ and K34 are used. With regard to

loss coefficients, motive nozzle loss can be satisfactorily represented by

assuming K1 = 0.1 for turbulent flow Reynolds numbers. K2 = 0 will be a

reasonable assumption especially if rounded entry configurations conforming *
to Figure 9 are used.

K34 can be predicted by use of Equations (6) and (7) and Figures 10 and 12,

where all liquid flow can be assumed. For ejectors under cavitation conditions,
the value as obtained for all liquid flow should be tripled to compensate for
multiphase flow conditions.




dNl3S 1SI1 dWNd VOLODAr3 ‘et JdNOIld

0

) B

i D A T 06 . 5 O A 758300 R B RS S S 25

-.I.'K_._.
43000 1 I
S
HILVIH
Z# NNYL
ATldd ANZZON o,
oL MdD 0010 m [=a] WdD 00
11 £ O "
o
3| =
( .
3
" _ T2 MNVL
N (VD 008)
2, HNVL
7y 1531
WD 005D JHNS
I oo [ == ,_
“ I £# MNVL 1 = ] _
il (v ooet) _ w oy
i “ WNYL ¥OL23r3
“ i H3IAIZDO3Y (SAS NOLLVWITBNS) NNNJYA OL
il ﬂ {
L

RN O R

77

R AR PRI




Altitude tests and high nozzle pressure tests provided many opportunities to
study the cavitation phenomenon. Test results confirm the accuracy of
Cunningham's cavitation equation (Equation (8) ). For normal or cold temper-
ature (-30 to 110°F) the value of Y = 0. 7P _ should be used. For hot (135 -

200°F) fuel, either JP-4 or JP-5, Y = 0. 5f>o provides a closer prediction of

cavitation limiting flow ratio. The difference is due to the physical character-
istics of the evolved gas in the cavitating pump. At low temperature, the gas

FIGURE 40. EJECTOR PUMP TEST FACILITY - MOTIVE NOZZLE SUPPLY PUMPS.
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FIGURE 41. PUMP SECTION

FIGURE 42. EJECTOR NOZZLE AND MIXING INLET AREA
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is mostly air. At higher temperatures, the gas is predominantly vaporized
fuel.

Elimination of the cavitation phenomenon in the ejector appears to depend upon
the reduction of induced flow approach velocity. The prime requisite is that
all desired induced flow entrainment must take place outside of the mixing tube.
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